The overall low levels of stomatal conductance observed in Paphiopedilum leaves under most growing conditions and their capacity to increase stomatal conductance in response to blue light suggested that growth and carbon gain in Paphiopedilum could be enhanced in a blue light-enriched environment. To test that hypothesis, plants of Paphiopedilum acmodontum were grown in controlled growth chambers under daylight fluorescent light, with or without blue light supplementation. Total photosynthetic photon flux density was kept constant in both conditions. Blue light enrichment resulted in significantly higher growth rates-of up to 77%-over a 3 to 4 week growing period, with all evidence indicating that the blue light effect was a stomatal response. Manipulations of stomatal properties aimed at long-term carbon gains could have agronomic applications.
mata to open under red irradiation indicates that the small stomatal response measured in the intact leaf under red light is indirect.
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matal apparatus devoid of guard cell chloroplasts, provide information on the properties of stomatal movements in the absence of these organelles (12) . Paphiopedilum stomata are functional, but fail to respond to red light in isolation (19) . Very low, steadystate conductance levels in these orchids may also be correlated with their lack of guard cell chloroplasts (15) .
In the work reported in this paper, we studied the properties of Paphiopedilum stomata in the intact leaf using gas exchange to measure net photosynthesis and stomatal conductance under blue and red light irradiation. These responses were compared with those ofa related genus. Phragmipedium, ofbroadly similar morphology and habitat, but having chlorophyllous stomata. Paphiopedilum leaves irradiated with red light showed markedly reduced conductance levels and concomitant, low levels of intercellular CO2 concentrations. These observations suggested that an enrichment ofblue light in the environment ofPaphiopedilum plants could increase the unusually low levels of conductance seen in these leaves under most environmental conditions, and result in a higher intercellular CO2 concentration, which would allow increased rates of CO2 fixation and growth. A test of that hypothesis confirmed that Paphiopedilum plants growing in a blue light-enriched environment have a higher growth rate, indicating that the manipulation ofstomatal responses can increase leaf productivity.
MATERIALS AND METHODS
Stomata provide plants with a primary means for adjusting to changes in the environment and usually constitute the main resistance in the pathway ofCO2 uptake in leaves (4, 17 (Table I) by using a Gamma C-3 spectral-radiometer to measure the emission spectrum from 300 to 800 nm and multiplying the obtained values by the action spectrum for photosynthetic quantum yield (10 Preliminary analysis of the data showed that there was no proportionality between increments and initial values, allowing the use of the data themselves rather than their logarithms, and that there was no significant skewness or other features in the data which would have invalidated a t test.
RESULTS
Guard Cell Chloroplasts in Paphiopedilum and Phragmipedium. Both Paphiopedilum and Phragmipedium belong to the same subfamily of the Orchidaceae, Cypripedioideae (6) , and have similar morphologies and growth characteristics. The two genera, however, occur in geographically separated habitats, with Paphiopedilum growing in tropical Asia and Phragmipedium in tropical North, Central, and South America. A survey of six Paphiopedilum species (insigne, harrisianum, acmodontum, barbatum, ballosum, and philipinense), undertaken with fluorescence microscopy showed that all were devoid of guard cell chloroplasts, as reported previously for insigne and harrisianum and three other species (venustum, leeanum, and aureum hyeanum (12) (13) (14) . In contrast, the Phragmipedium species investigated in the present study, longifolium and albopurpureum, showed normally fluorescing guard cell chloroplasts. The structural difference, therefore, appears to be at a generic level and presumably arose as a relatively early evolutionary event.
Net Photosynthesis and Stomatal Conductance in Intact (Fig. 4) . DISCUSSION mause of that variability, the differences between treatments Despite their apparent normalcy (12) , Paphiopedilum stomata re only statistically significant (t = 95%) upon pooling of the have been shown to be functionally distinct from their chloroasurements from all three experiments. phyllous counterparts because of their inability to open, in itomatal densities at the end of experiment 3 were obtained isolation, in response to red light (19) . In this paper, we demonrandomly selected leaves from both experimental treatments. strate that the lack of guard cell chloroplasts also correlates with ere were no significant differences between treatments (20.6 unusual stomatal responses to light in the intact leaf. These 2.8 and 21.6 ± 2.2 stomata/mm2 for blue light-enriched and anomalies, which are evident in comparisons of the stomatal (light treatment, respectively; n = 3). Light curves of stomatal responses to blue and red light in Paphiopedilum and on the iductance, measured with a steady-state porometer, were ob-differential responses of Paphiopedilum and Phragmipedium, ried with leaves from plants growing under the two light indicate that under red light, a lack of guard cell chloroplasts results in a substantial decrease in stomatal conductance. This conclusion confirms an earlier interpretation of the reported 1. _stomatal opening under red light with Pa. leeanum, obtained with a transient porometer (12) , as an indirect effect (19) . The enhancement of growth rates of Paphiopedilum by a blue light-enriched environment indicates that the stimulation of stomatal conductance by blue irradiation, and the increases in intercellular CO2 concentrations observed in gas exchange experiments (Fig. 2) , can result in long-term increases in carbon gain. Several lines of evidence point to a stomatal effect as the major, if not the only, consequence of the blue light-enrichment. Direct blue light effects on growth are usually inhibitory (3). Also, net photosynthesis is consistently higher in red light than in blue (18) . A direct stimulation of growth or photosynthetic rate by blue light in the long-term growth experiments is, therefore, unlikely. Also unlikely is a morphogenetic effect of blue light enhancing chloroplast development, in view of the evidence indicating that a red light regime is more favorable for chloroplast development than blue (1) . Further evidence for a stomatalmediated stimulation of growth by blue light is provided by the higher levels of stomatal conductance measured in the plants grown in the blue light-enriched environment (Fig. 4) and the lack of significant differences in stomatal densities of leaves growing in the two treatments.
The interpretation of the observed higher growth rates as an enhanced carbon gain ensuing from the blue light-induced, higher stomatal conductances, implies that net photosynthesis rates were higher in the plants growing in the blue light-enriched environment. This conclusion is seemingly in conflict with the results obtained in the short-term gas exchange experiments, showing that photosynthesis rates measured under blue light were not higher than those seen under red light. However, pure blue and red light conditions cannot be directly compared with the light regimes used in the growth experiments, in which the plants were exposed to white light with different proportions of blue quanta. Pure blue light enhances stomatal conductance but also depresses net photosynthesis (Figs. 2 and 3) , hence a net gain in photosynthetic rates would be observed only under conditions in which the photosynthetic stimulation ensuing from the higher intercellularCO2 concentrations exceeds the effect of the lower photosynthetic quantum yield of blue light. Although unavailability of the required gas exchange equipment at Rockville did not allow us to measure directly net photosynthetic rates in the growth experiments, the demonstrated stimulation of stomatal conductances by blue light and the measured higher growth rates point to an enhanced net photosynthesis in the blue light-enriched environment.
The sustained stimulation of stomatal opening by blue light over long growth periods is unexpected when considered in the context of the integrated nature of stomatal responses. Because stomata respond to many environmental signals, overall strategies of stomatal regulation would be expected to be conserved despite relative variations in any single environmental input. The case could be more extreme with Paphiopedilum which, like Plant Physiol. Vol. 77, 1985 many Orchidaceae, appears to strongly conserve low conductance levels. The observation that a single environmental factor, such as blue light, can override that strategy indicates that stomatal manipulation could be utilized in management or breeding programs aimed at higher plant productivity. Boyer (2) has recently emphasized the importance that the manipulation of environmental responses could play in future breeding programs. The results with Paphiopedilum indicate that the establishment of conditions which specifically change stomatal responses for agronomic purposes, is conceptually feasible. In addition, higher growth rates of Paphiopedilum under blue lightenriched environments might be useful in commercial nurseries if the technique proves cost-effective.
